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Abstract Our understanding of the effects of landscape struc-
ture on ecosystem services (ES) remains at a very early stage,
despite a large body of literature on the effects of the composi-
tion and configuration of natural land cover on some ES. Here, I
argue that a comprehensive understanding of the effects of
landscape structure on ES requires us to reconsider what con-
stitutes landscape structure for ES. Such reconsideration re-
quires us to re-visit John Wiens’ idea that for biodiversity, a
landscape and its structure are organism- and question- depen-
dent and apply this idea to ES by redefining landscape structure
for ES to include not only land cover, but also other social and
biophysical drivers of ES. The underlying reason for this is that
ES are products of coupled socio-ecological systems and there-
fore do not only depend on ecological processes and/or distri-
butions of key species, but also on social and biophysical var-
iables. As a result, for many ES, relevant landscape structure
will not only include features traditionally considered by ecol-
ogists, such as natural land cover, but also the amount and
configuration of social variables, such as land management
systems and distributions of wealth and human populations.
Obtaining a general understanding of how landscape structure
affects ES is vital if we are to manage landscapes effectively to
ensure sustainable supplies of ES now and into the future.
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Introduction
Over 25 years ago, John Wiens first argued that a useful way to
think about the size of landscapes and their structure (composi-
tion and configuration) is to consider both landscape size and
structure to be organism- and question-dependent [1, 2]. In prac-
tical terms, this means that the spatial scale of studies should
match that at which organisms perceive and/or interact with their
environment. For example, for a forest beetle, relevant landscape
structure might be the amount of deadwood and leaf cover with-
in a 2-m radius of a ‘focal patch’ sampling point [3], while for a
leopard frog, relevant landscape structure might include the
amount of forest cover and amount of roads within 2000 m of
a ‘focal patch’ sampling point (Fig 1) [4]. The spatial scale of
studies needs to be question dependent as organisms may inter-
act with different components of the landscapes at different
scales at different stages in their life history. For example,
long-distance dispersal for wood thrush can lead to interactions
with the landscape at scales of 60–80 km [5], while landscape-
scale factors that affect juvenile survival rates of this species are
likely to be affected by much smaller-scale processes.
These seminal papers byWiens led to a major research effort
in landscape ecology to understand the general effects of land-
scape structure on biodiversity. Four major conclusions have
emerged from this work [6]: (1) the effects of loss of natural
habitat (a composition effect) usually have strongly negative
effects on biodiversity; (2) the effects of fragmentation of natural
habitat (a configuration effect) can be both positive and nega-
tive; (3) the effects of habitat loss generally exceed the effects of
habitat fragmentation [7–9]; (4) the quality (or lack thereof) of
non-habitat elements of the landscape (matrix) can have major
positive and negative effects on biodiversity (e.g. [10]).
Whilst a synthetic understanding has been attained for the
effects of landscape structure on biodiversity, no such general
understanding of the effects of landscape structure on ES as yet
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exists [11, 12], despite the enormous interest in ES by both the
scientific community and policy-makers [13]. This lack of con-
sensus is likely due in part to the fact that the effects of landscape
structure on ES are much more variable than those of biodiver-
sity [12]. The reason for this is that ES are products of coupled
social-ecological systems [14], and as such their distribution is
determined by both biophysical and social factors [12].
Obtaining a general understanding of how landscape structure
affects ES is vital if we are to effectively manage landscapes to
ensure sustainable supplies of ES now and into the future [12].
In this paper, I first give an overview of the current state of
knowledge in our understanding of how landscape structure
affects ES. I then argue that what is required to make real
progress in this field is for us to redefine landscape structure
for ES to encompass more than just land cover and also in-
clude the spatial distributions of other biophysical and social
drivers of ES. I then outline the rationale for this argument,
how this research agenda can be operationalized and the chal-
lenges that this approach entails.
The Effects of Landscape Structure on Individual ES
There is a large body of literature on the effects of landscape
structure on individual ES; however, not all types of services
(regulating, cultural and provisioning) are equally well-repre-
sented. There is a particular focus on regulating services, like-
ly because the delivery of these can be most explicitly linked
to natural land cover and the biodiversity associated with it
[11]. Natural land cover is defined here as land cover not dom-
inated by human activity. Pollination services (for recent re-
views, see, for example, [15] and [16]) and pest regulation
services (for a recent review, see, for example, [17]) are the
two types of regulating services mostly highly represented in
the literature. For these two services, most—but not all (e.g.
[18])—studies suggest that the effects of the loss and fragmen-
tation of natural land cover are—as for biodiversity—over-
whelmingly negative. The loss and fragmentation of natural
land cover also generally appear to have negative effects on
climate regulation services (carbon stocks) (e.g. [19, 20]), but
for hydrological services the effects of the structure of natural
land cover are rather more complex (see [21] for a recent dis-
cussion). Much less is known for cultural ES, but the studies
that do exist on this subject indicate that the relationship be-
tween the structure of natural land cover in the landscapes is
highly context specific (e.g. [22]). Interestingly, provisioning
ES, which are not directly linked to natural land cover (e.g.
agricultural production), are not usually considered individual-
ly in studies looking at the effects of landscape structure on ES,
but rather in the context of tradeoffs with ES that are related to
natural land cover (e.g. [20, 23, 24]). This is possibly a reflec-
tion of the conservation biology-focused nature of most ES
landscape ecological studies.
The Effects of Landscape Structure on Multiple ES
Studies that simultaneously examine multiple ES are required for
gaining a general understanding of the effects of landscape struc-
ture on ES, as different ES do not occur in isolation in landscapes,
but rather as bundles of services (suites of co-occurring ES; sensu
[25]). As the sign of the relationships between different ES—and
hence the composition of bundles of ES—is context-specific [25,
26], synthesizing the results of multiple single ES studies does not
necessarily enable an understanding of how changing landscape
structure in a region will affect policy-relevant tradeoffs between
ES [13]. However, very few studies to date examine the effects of
landscape structure on multiple ES at once, nor how landscape
structure affects the distribution of ESbundles [11]. The reason for
this gap in the literature is likely due to the difficulties in obtaining
data on most ES: most ES mapping studies only consider a few
ES and focus disproportionately on ‘easy- to-map’ regulating and
provisioning services such as agricultural production and carbon
storage [27]. The work that does exist shows that once multiple
ES are considered, patch size of natural land cover (which is
related to both the amount and configuration at the landscape scale
[7]) has both positive and negative effects on ES [24, 28]. Patch
isolation (also related to both amount and configuration [7]) also
has been shown to have positive and negative effects on ES [24].
Predicting the Effects of the Structure of Natural
Land Cover on ES
There has also been surprisingly little work setting out explicit,
empirically based predictions about how landscape structure is
most likely to affect ES. Such work is vital as it provides a
framework for hypotheses to be tested. The utility of this ap-
proach is illustrated by important recentmodelling and conceptual
work byMitchell and co-authors [12, 29], who predict that once a
wide variety of ES in a region are considered at once, the highest
levels of ES delivery will occur in landscapes with intermediate
amounts and fragmentation of natural habitat. The reason is that
delivery of ES depends on the capacity of the ecosystem to supply
a particular ES as well as the demand for and flow to particular
human beneficiaries of this ES [12, 30]. As result, for many ES
(e.g. pollination, pest control, recreation, water filtration), ES de-
livery can only occur if there is some juxtaposition of natural and
non-natural land cover, and such a juxtaposition can only occur if
there is some loss and fragmentation of natural land cover [12,
29]. The key conceptual framework that outlines these ideas [12]
was criticized for failing to account for the effects of non-natural
land cover types and subsequently extended to account for the
potential positive effects of fragmentation [31]. However, this
useful critique also demonstrates the strength of Mitchell et al.’s
framework [12]—it provides a much-needed set of explicit hy-
potheses on the effects of the amount and configuration of land
cover on ES that can be built on and explicitly tested.
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Redefining Landscape Structure for ES—Moving
Beyond Land Cover
It is now widely recognized that ES are co-produced by both
social and ecological systems [32, 33] and that this co-
production is what drives the distributions of bundles of ES in
the landscape [25, 34]. It therefore follows that the distributions
of ES in the landscapes will not only depend on the amount and
configuration of natural land cover types in the landscape that
underpin the biodiversity associated with ES, but also on the
spatial distribution of other biophysical drivers as well as a
variety of social and cultural drivers. Meacham et al. [32] pro-
vide the first test of the relative importance of land cover as
compared with three other types of models of human impact
(ecological modernization, human footprint and location theo-
ry) in predicting the distributions of multiple ES (16 ES in 62
municipalities in southcentral Sweden). Ecological moderniza-
tion was characterized as the percentage of adults with second-
ary education and the per capita differences between assets and
debts, human footprint was measured by human population
density and income, while location theory was measured by
distance to the nearest large urban centre (Stockholm) as well
as the average slope of each municipality. Meacham et al. [32]
show that while land use was the best predictor for most ES,
this was not always the case. For example, location theory was
the best predictor of phosphorus and nitrogen retention in the
landscape, although it had low predictive power overall.
A comprehensive understanding of how landscape structure
affects ES clearly requires explicit consideration of additional
biophysical, social and cultural drivers as well as land cover in
landscape-scale studies. As different ES operate at different spa-
tial scales [35, 36], it is clear that the spatial scale at which these
drivers operate will also vary widely, both within and between
ES. I argue that a good approach by which to achieve such a
comprehensive, scale-aware understanding of spatial structure on
ES is to use the hypothesis-focused, organism-centric approach
to landscape ecology espoused by JohnWiens [1, 2], but tomake
it more suitable for ES research by reconsidering and redefining
what constitutes landscape structure for ES. Such reconsideration
requires us to re-visit John Wiens’ idea that for biodiversity, a
landscape and its structure are organism- and question-dependent
and apply this idea to ES by considering what constitutes land-
scape structure not only for the biophysical supply of ES but also
for societal demand for ES. This redefinition of landscape struc-
ture means that for many ES, relevant landscape structure will
not only include features traditionally considered by ecologists,
such as natural land cover, but also the amount and configuration
of social variables, such as those considered by Meacham et al.
[32] (e.g. distributions of wealth and human populations), as well
as other features (view points, sacred groves or landmarks) that
affect how people interact with the environment. There are four
steps to conducting a landscape-scale ES study based on this
broader definition of landscape structure.
Step 1: Identify the relevant spatial drivers of different ES
in different locations Getting this step right is vital, as it is the
configuration and composition of these spatial drivers that will
define the spatial structure of the landscape for different ES.
Several papers have attempted to identify which social and
ecological variables underpin key ES, including a fairly com-
prehensive expert-based assessment for Europe [37]. Recent
work by Jones et al.[38] conceptualizing the stocks and flows
of the different ‘capitals’ that underpin different ES provides a
particularly useful framework for systematically identifying
both which drivers need to be considered for different ES and
the spatial scales at which they operate. These authors provide
worked examples of how natural capital interacts with the five
human-derived ‘capitals’ (produced, human, social, cultural
and financial) to result in potential supplies of ES, demand for
ES, and flows of ES. For example, the realized cultural service
of recreational walking in the countryside (which can be quan-
tified as the number of walkers/year in a given location) is a
result of an interaction of the potential service and demand for
this service by users of it (i.e. walkers). The realized service
only occurs if there is flow between supply and demand: this
flow is dependent on the quality of produced capital (transport
infrastructure) available. The demand is partly dependent on the
cultural and social capital, as this determines the degree to
which recreational walking is a popular recreational activity,
as well as the numbers of people present. The potential service
is a product of natural capital (climate, the amount and config-
uration of different types of land cover, average slope etc.), but
also of produced capital, such as car parks, footpaths and brid-
ges [38]. This approach—if systematically applied to other
ES—should prove very useful in coming up with a priori po-
tential spatial drivers of ES that go beyond the key species or
ecosystem service providers [39] that have been traditionally
considered in studies looking at the effects of landscape struc-
ture on ES. It is important to note that these different drivers of
ES—quantified as components of spatial structure—are likely
to vary considerably among locations.
Step 2: Identify the appropriate spatial scale at which each
component of spatial structure is likely to affect the distri-
butions of ES In ‘ecological’ landscape ecology, this step is
based on the organism and question of interest, but the situation
is more complicated for ES, as there are several components
(analogous to organisms) of interest. This is because some ele-
ments of spatial structure will affect the biophysical supply of
an ES, which is likely to be affected both by aspects of biodi-
versity and by other biophysical factors, while others will affect
the demand for the ES, which is determined by the human
beneficiaries of the service. It is important to note that different
socio-economic groups have different needs for different ES
[40] and that landscape spatial structure will not affect the dis-
tribution of the beneficiaries of climate regulating services due
to the global nature of the beneficiaries for this group of ES
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[35]. The relevant spatial scale(s) of the study will also be
affected by the question being asked, which for ES needs to
have management relevance. A key consideration here is the
spatial extent of the sampling location (the focal patch). In
landscape ecology, a focal patch is usually a discrete area of
habitat relevant to an organism of interest (e.g. a pond for am-
phibians), while in an ES study, the size of the ‘focal patch’
might most sensibly align with political boundaries (e.g. mu-
nicipalities [32, 34]) as these are the scale at which decisions are
made. For example, a management-relevant question might be
to determine how landscape structure affects the realized recre-
ational walking potential of different nature reserves (or parks)
in a region (Fig. 1). In this example, factors such as the amount
and configuration of natural land cover, aspect and viewpoints
both within and possibly just outside each reserve are likely to
affect the potential supply of the service. By contrast, the de-
mand for the service will depend mostly on the number of
recreational walkers that live with easy travelling distance of
the reserve; this will in turn depend on the socio-economic
make-up of the walkers as well as the amount and configuration
of the transportation infrastructure that links the reserve to the
potential walkers. In many cases, the ‘best’ spatial scale for a
variable will not be known; in this case the analyses need to be
conducted at multiple spatial scales as is commonplace in land-
scape ecology. Importantly, a ‘classical’ ecological landscape
study will often need to be part of a ES landscape ecological
study, as the potential supply of many ES is at least partially
dependent on the distribution of key components of biodiversi-
ty [41].
Step 3: Identity spatial datasets for each of the relevant
components of spatial structure Identifying such spatial
datasets is a non-trivial challenge, as many social variables,
such as census data, are only available at the level of political
boundaries (e.g. municipalities), which means that looking at
the effects of the configuration of such variables within mu-
nicipalities is difficult. However, the rapid recent advances in
remote sensing (reviewed in [42]) as well as newly available
high-resolution gridded data on human populations (e.g. [43])
mean that examining both configuration and composition ef-
fects of ecological, biophysical and social variables will be-
come easier in the near future.
Step 4: Test the relative predictive power of these different
components of landscape structure for different ES Such
tests should be carried out for different ES in different loca-
tions to identify the degree of generality in the importance of
different components of spatial structure. For some ES, such
as recreational value of the countryside, such studies might
already be possible using existing data. For example, while
there is no study to date that has explicitly considered the
different drivers of recreational walking outlined earlier in
terms of the relative contribution of different elements of land-
scape structure, there are many case studies that have statisti-
cally examined the relative importance of spatial drivers of
recreational use of the countryside (e.g. [22, 44]). In some
cases, such datasets could be re-analysed by explicitly quan-
tifying the composition and configuration of these drivers of
recreation at multiple spatial scales, thereby enabling the
a b
Fig. 1 A simple example of a landscape ecological study design for an
‘ecological’ (a) and ecosystems services (ES; b) question. In the
‘ecological’ example (a), the organisms of interest are leopard frogs,
and the ‘focal patch’ [3] where they are sampled are small ponds (open
circle with diagonal blue lines and a black arrow pointing to it). The
relevant scale here is a 2000-m radius from the edge of the pond [4],
and the relevant components of landscape structure are the amount and
configuration of forest (solid dark-green blocks) and roads (solid black
lines) in each landscape. In the ES example (b), the service of interest is
the realized value of recreational walking. The focal landscapes here are
nature reserves (area marked with diagonal blue lines and a black arrow
pointing to it) as this is a scale that is of relevance to management; it is
within these reserves that recreational walking needs to be quantified,
based on numbers of walkers or some other metric, such as time spent
walking. The relevant spatial structure for the potential supply of this ES
might include the amount and configuration of features such as forest
cover (dark-green blocks) and viewpoints (black triangles), both within
each reserve but also just outside the reserve but within its viewshed (area
outlined by dashed black line). The demand for this ES needs to be
quantified at a larger spatial scale (area outlined by solid black lines) than
the potential supply because the relevant spatial structure for this compo-
nent of the ES will include the amount and distribution of urban areas
(areas outlined by solid red line and marked with red diamonds) within
‘easy’ travelling distance (which will be context dependent), but also the
amount and configuration of the road infrastructure (solid thick black
lines). In addition, the interaction between urban areas, viewpoints and
road infrastructure is likely to be an important predictor of demand
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effects of landscape structure to be explicitly addressed at
multiple spatial scales for this ES.
However, as noted earlier, studies of individual ES are
in themselves insufficient to understand how landscapes
need to be managed to provide the multiple ES required
of them. The Swedish study of Meacham et al. [32]
discussed earlier herein which quantifies the relative im-
portance of four types of models of human impact for
predicting multiple ES can be thought of as the first land-
scape ecological study of a more widely defined landscape
‘structure’ (in this case composition only) on multiple ES
as it is carried out at a scale relevant to management (mu-
nicipality). More studies like this are required to truly un-
derstand how this wider definition of landscape structure
affects ES in different regions globally.
The greatest progress in understanding the wider effects
of landscape structure on ES will come if ES science learns
from the experience of ecologists designing landscape-scale
studies looking at the impacts of spatial structure on biodi-
versity. McGarigal and Cushman’s [45] guidelines for how
to conduct research on fragmentation are as relevant now as
when they were first published in 2002. A major issue will
be that of covariation of putative predictor variables, which
can lead to masking of the effects of one variable (e.g.
roads) by another (e.g. forest cover) [46]. Care must also
be taken to ensure that metrics that supposedly measure
configuration (e.g. fragmentation) are not also correlated
with composition [7]. This latter challenge is likely to prove
even more difficult for ES studies than for ecological ones,
given the larger number of predictor variables that are in-
volved in ES studies, and the fact that in ES studies social
and ecological variables are frequently correlated and inter-
actions between variables are likely. Given the major logistic
challenges of designing empirical landscape ecological ES
studies, much more modelling work is required to develop
more in-depth hypotheses on the effects of landscape struc-
ture on ES. Such work should build on seminal neutral
landscape modelling of the effects of habitat loss and frag-
mentation on biodiversity in landscape ecology (e.g. [47,
48]) and on recent work on the effects of natural land cover
on ES [29] using a similar approach.
Summary
Our understanding of the effects of landscape structure on ES
remains at a very early stage, despite a large body of literature
looking at the effects of the composition and configuration of
natural land cover on some ES.We are only beginning to quan-
tify the spatial patterns of ES using landscape ecological met-
rics (e.g. [49, 50]), and the work byMitchell et al. [12] outlined
earlier represents the first real attempt to develop a theoretical
framework of our expectations of how natural land cover will
affect ES. I argue here that in addition to testing the hypotheses
outlined by Mitchell et al.[12] on the effects of the structure of
natural land cover on ES, we also need to start explicitly
analysing how other components of landscape structure—in-
cluding social drivers—affect the distributions of ES. The ad-
vantage of the landscape ecological study design I advocate
here, namely to consider both biophysical and social predictors
of ES, over existing approaches is that the former enables the
investigator to explicitly and systematically examine the rela-
tive importance of different spatial predictors of different ES at
appropriate spatial scales.Whilst finding landscapes that enable
good landscape-scale studies of ES to be designed will likely
prove challenging in many cases, engaging in the process of
designing such studies and testing them in simple model sys-
tems are still important areas of research. This is because
thought experiments and simple models that are based on the
landscape-scale study design I advocate here should help to
enable the development of more focused hypotheses on how
different spatial components of the socio-ecological system
combine at different spatial scales to produce ES. Given the
widely recognized importance of scale for ES [36, 51], a com-
bination of theoretical, modelling and empirical landscape-
scale ES research should help to enable a better understanding
of the importance of the different spatial processes in driving
the distributions of ES on which we all depend.
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